Background: Functional magnetic resonance imaging (fMRI) resting-state studies show generalized social anxiety disorder (gSAD) is associated with disturbances in networks involved in emotion regulation, emotion processing, and perceptual functions, suggesting a network framework is integral to elucidating the pathophysiology of gSAD. However, fMRI does not measure the fast dynamic interconnections of functional networks. Therefore, we examined whole-brain functional connectomics with electroencephalogram (EEG) during resting-state. Methods: Resting-state EEG data was recorded for 32 patients with gSAD and 32 demographically-matched healthy controls (HC). Sensor-level connectivity analysis was applied on EEG data by using Weighted Phase Lag Index (WPLI) and graph analysis based on WPLI was used to determine clustering coefficient and characteristic path length to estimate local integration and global segregation of networks. Results: WPLI results showed increased oscillatory midline coherence in the theta frequency band indicating higher connectivity in the gSAD relative to HC group during rest. Additionally, WPLI values positively correlated with state anxiety levels within the gSAD group but not the HC group. Our graph theory based connectomics analysis demonstrated increased clustering coefficient and decreased characteristic path length in theta-based whole brain functional organization in subjects with gSAD compared to HC. Conclusions: Theta-dependent interconnectivity was associated with state anxiety in gSAD and an increase in information processing efficiency in gSAD (compared to controls). Results may represent enhanced baseline selffocused attention, which is consistent with cognitive models of gSAD and fMRI studies implicating emotion dysregulation and disturbances in task negative networks (e.g., default mode network) in gSAD.
Introduction
Generalized social anxiety disorder (gSAD) is a common psychiatric illness characterized by inappropriate fears in a range of situations that involve potential scrutiny by others (Kessler et al., 2005; Stein and Stein, 2008) . Cognitive models emphasize preferential processing of internal and external threat signals (e.g., negative thoughts, attentional bias to aversive faces; (Bögels and Mansell, 2004) as key to the development and maintenance of the gSAD (Clark and Wells, 1995; Hope et al., 1989) . Accumulating data from task-based functional magnetic resonance imaging (fMRI) studies over the past decade involving negative stimuli indicate such bias is the result of frontolimbic disturbances resulting in limbic/paralimbic hyper-reactivity in emotion processing areas (e.g., amygdala, insula) and aberrant activation (hyper-or hypoactivity) in regions that regulate emotional response (e.g., anterior cingulate cortex, dorsolateral prefrontal cortex) (for review see Brühl et al., 2014) .
The neurobiology of gSAD has also been informed with resting-state fMRI studies, which permit examination of intrinsic (spontaneous, taskindependent) networks. Various studies have shown anomalous associations between spatially distant regions in gSAD suggesting the disorder involves baseline disruptions in distributed neural systems. For example, there is evidence of decreased frontolimbic functional connectivity and aberrant effective connectivity in gSAD relative to healthy controls Hahn et al., 2011; Manning et al., 2015; Prater et al., 2013; Liao et al., 2010; Qiu et al., 2011; Zhang et al., 2015) . Similarly, widespread alterations in task positive and negative systems (e.g., dorsal attention network, default mode network, visual network) have been shown in gSAD (Anteraper et al., 2014; Liao et al., 2010; Liu et al., 2015a; Liu et al., 2015b) . Taken together, fMRI findings indicate aberrant resting-state activity may underlie a threat-sensitive system in gSAD.
However, inferences of brain organization related to intrinsic activity are limited in fMRI due to its poor temporal resolution. That is, the millisecond to second time scales that reflect considerable information processing at rest are not captured with fMRI. A more appropriate technique is electroencephalogram (EEG), which assesses the fast and lagged spontaneous brain activity in time and frequency enabling the characterization of intrinsic neurocognitive networks (Koenig et al., 2005) . Thus far, there has been little application of EEG in the study of gSAD at rest through limited research suggests electrophysiological patterns in gSAD differ from healthy controls. Using traditional power analysis, Sachs et al. (2004) reported a decrease in absolute and relative power in slow frequency bands (i.e., theta and delta) but higher intermediate beta absolute and average power in individuals with gSAD compared to healthy participants (Sachs et al., 2004) . Evidence frequency-related vigilance effects (participants were aroused by auditory stimuli if drowsiness was detected) did not diminish at rest suggests gSAD is associated with hyperarousal (Sachs et al., 2004) .
To date, there has been no EEG-based resting-state connectivity study in gSAD. Such a study is warranted as abnormal neurophysiological connectivity has been observed in internalizing conditions that share neurobiological features with gSAD (Etkin and Wager, 2007; Hamilton et al., 2015b) . For example, individuals with major depressive disorder exhibit higher coherence (e.g., coupling) at rest relative to controls in delta, theta, alpha, and beta frequencies (Leuchter et al., 2012b) . Similarly, posttraumatic stress disorder is associated with extensive increased theta and alpha connectivity at rest (Imperatori et al., 2014) . Findings are proposed to reflect a loss of selectivity in functional networks, which may underlie symptomatology (e.g., cognitive impairment, emotion dysregulation, memory deficiencies) (Imperatori et al., 2014; Leuchter et al., 2012) .
More recently, advances in analytic approaches have enabled the mapping of systems through which the brain is interconnected (i.e., connectomics), thereby increasing our understanding of the topological properties and oscillatory activity in different brain regions and wholebrain functional networks. Therefore, the main aim of the current study was to explore resting-state functional (dys)connectivity in gSAD with Weighted Phase Lag Index (WPLI). WPLI has been shown to circumvent sources of noise that may artificially induce functional connectivity such as volume conduction and reference electrode effects) (Guevara et al., 2005; Nunez et al., 1997) providing a more reliable index of phase synchronization (i.e., phase coupling) (Vinck et al., 2011) . Specifically, WPLI measures the distribution of phase angle differences of two channels (i.e., electrodes) across frequency bands in different brain areas. If two channels' functional coupling is strong, the resulting connectivity index will be high in a given frequency domain (Cohen, 2013) , which has pathophysiological significance. Phase-coupled activity is an important mechanism in the functional communication between brain regions (Fries, 2005; Gross et al., 2001; Power et al., 2012) ; thus, an essential aspect of the WPLI is the delineation of reliable estimators to determine the phase relationship between two signals. Given these properties, we applied graph theoretical measures to characterize complex networks (Bullmore, 2012; ) based on WPLI.
Accordingly, we examined Clustering Coefficient and Characteristic Path Length to identify the local integration and global segregation of networks where information processing efficiency is characterized by high local connectivity along with few long-range connections (Bullmore and Sporns, 2009 ). Additionally, we explored whether significant WPLI values or indices of global segregation and local integration network results correlated with anxiety measures in gSAD. A secondary aim was to assess whether regionally-based power across different frequency bands differed between individuals with gSAD and healthy controls.
Methods

Participants
All participants provided written informed consent as approved by the local Institutional Review Board at the University of Illinois at Chicago (UIC) and all procedures complied with the Helsinki Declaration. Diagnosis was based on the Structured Clinical Interview for DSM-IV ("SCID-IV"; First et al., 1995) and the clinician-administered Liebowitz Social Anxiety Scale ("LSAS"; Liebowitz, 1987 ) determined symptom severity. The self-reported Spielberger State-Trait Anxiety Inventory (Spielberger, 1983) and Beck Depression Inventory (Beck et al., 1996) were used to evaluate state anxiety, general anxiety, and depression levels, respectively. Participants were monetarily compensated for their time. Participants were between 18 and 55 years of age, free of major medical or neurologic illness as confirmed by a Board Certified physician. GSAD was required to be the primary diagnosis; however, comorbidity was permitted. All participants were free of psychotropic medications and none was engaged in psychotherapy. Healthy control (HC) participants were required to not have an Axis I disorder. Exclusion criteria for all participants were current substance abuse or dependence (within 6 months of study) or history of major psychiatric illness (e.g., bipolar disorder, psychotic disorder, pervasive developmental disorder).
EEG task
All participants underwent an 8-minute resting state recording session. Specifically, participants viewed a fixation cross on a blank background and were instructed to try not to think of anything in particular for the duration of the scan. All EEG data were recorded using the Biosemi system (Biosemi, Amsterdam, Netherlands) equipped with an elastic cap with 34 scalp channels.
EEG data processing
EEG data were preprocessed by the software Brain Vision Analyzer (Brain Products, Gilching Germany) and connectivity matrices were generated with the MATLAB toolbox Fieldtrip (Donders Centre for Cognitive Neuroimaging, Nijmegen, Netherlands). To evaluate phase lag synchronization (i.e., phase coupling) among electrode pairs, resting-state data was segmented into 7 second 'trials.' The minimum number was 15 segments (105 s), which is in the range of other resting-state studies (González et al., 2016; Hardmeier et al., 2014; Yu et al., 2016) . All time points and segments were averaged accordingly to standard frequency bands: alpha (8-14 Hz), beta (13-30 Hz), theta (4-8 Hz) and delta (1 Hz-3 Hz).
Weighted phase lag index
Each index of weighted phased lag is characterized by the distribution of phase angle differences. The instantaneous phase lag and magnitude can be acquired through cross power density spectrums. The cross power density is defined as:
where S xy is the cross spectral density function between signals y y (t) and y x (t). Y x (ω) in the finite Fourier transform of signal y x (t) at frequency ω, Y x ⁎ (ω) is the complex conjugate of Y x (ω), and E{} is the expectation.
The cross power density is applied within each segment with the frequency of interest (i.e., 1 Hz-50 Hz).
The distribution of phase angle differences can be towards the positive side or the negative side of the complex plane (Cohen, 2013; Vinck et al., 2011) . If two signals are uncorrelated, the angular difference will be evenly distributed on the plane, but if two signals are strongly coupled, the difference will be concentrated to one side of the plane demonstrating an asymmetric distribution. The more concentrated the phase angle differences are on the same side, either positive or negative, the higher the phase lag synchronization will be (Cohen, 2013) . WPLI is defined as:
where imag(S xyt ) indicates the cross-spectral density at time point t in the complex plane xy, and sgn is the sign function (−1, +1 or 0).
Graph theory analysis
Because the unsigned WPLI matrix has values ranging between 0 and 1 (taking the absolute value from the raw WPLI matrix), we used weighted network analyses without thresholding, by setting WPLI values as the edge weights. Two graph measures were computed to evaluate a network's integration and segregation. Quantifying efficiency of information transfer, the characteristic path length (CPL) is the average length of all pairwise shortest paths connecting any node to another (Peters et al., 2013; Stam et al., 2006) :
Here d(i,j) is the shortest graph distance between nodes i,j ∈ V(G), where V is the set containing the vertices of a graph G. By contrast, the weighted clustering coefficient (CC) is the mean nodal CC averaged across all vertices. For any vertex i, its nodal CC measures the degree at which local neighborhood nodes form a cluster and is defined
, where j, k ∈ V(G) are immediate neighbors of i, and w ij , w jk , and w ik are corresponding weights (Stam et al., 2006) . As the numbers of steps required for the path of two randomly selected nodes in a small-world behaving network increase, the logarithm of the number of nodes N in the network grows proportionally. Group effects were examined with two-tailed independent t-tests. To evaluate relationships between anxiety level and intrinsic activation, we conducted correlations within the gSAD group with significant averaged WPLI results in the Statistical Package for the Social Sciences (Chicago, IL version 22). Non-parametric two-tailed Spearman correlations (Spearman, 1904) were selected due to the non-normal distribution of the data.
Power analysis
All segmentation parameter and analysis windows are consistent with WPLI and Fast-Fourier transforms were conducted using a Hanning window. Each participant's data were averaged across the epochs for each electrode and the mean absolute power was computed for each of the following frequency bands: alpha (8-14 Hz), beta (13-30 Hz), theta (4-8 Hz) and delta (1 Hz-3 Hz). All EEG power variables and individual electrodes were aggregated to create an average for the 34 channels.
Results
Participants
Thirty-eight patients with gSAD and 36 HC participated in the study. However, 7 participants were removed due to poor signal quality and 3 had too few time points (i.e., b 30 s) to conduct analysis. Therefore, the final sample comprised 32 patients with gSAD and 32 demographically-matched HCs. The gSAD group [68.8% (n = 22) female] had a mean ± S.D. age of 26.25 ± 7.14. The HC group had the same gender distribution [68.8% (n = 22) female] ([χ 2 (1) = 0.00, p = 1.00], and there were no differences between the gSAD and HC groups in age [t(62) = 0.94, p = 0.94)]. As expected, patients exhibited greater symptom severity indexed by LSAS (gSAD 77.9 ± 16.3; HC 14.7 ± 11.3), traitanxiety (gSAD 54.5 ± 9.7; HC 25.6 ± 4.8), state-anxiety (gSAD 48.1 ± 11.5; HC 23.6 ± 4.9), and depression levels as measured with BDI (gSAD 17.9 ± 10.1; HC 0.9 ± 1.8) relative to controls (all p's b 0.05).
EEG functional connectome
WPLI produced a dimensional time-dependent matrix, 34 * 34 * 50 * 130, corresponding to the arrangement of channel * channel * frequency * time. Of note, the first five time points and the last five time points were discarded due to quality control. Time averaged alpha (8-14 Hz), beta (13-30 Hz), theta (4-8 Hz) and delta (1 Hz-3 Hz) wave connectomes in the gSAD group and HC group present the pairwise relation of any two channels within the network. Results showed regional differences in three waves (right column Fig. 1) . Alpha had the highest averaged WPLI connectivity across all participants. In theta connectivity, frontal midline channels (e.g., Fz, Cz) showed significantly stronger connections to most electrodes in the gSAD relative to HC group. (See supplement Fig. 1 for theta connectivity for head map).
Power analyses
Resting-state EEG power was examined with a 2 (Group: gSAD, HC) × 4 (Frequency band: alpha, beta, delta, theta) mixed ANOVA with repeated measures on the last factor. There were no main effects for group or frequency band (all p's N 0.05) and no group x frequency interaction was observed (p = 0.23) (Fig. 3) .
Graph theory network measures
The characteristic path length (CPL) of theta connectivity in the HC group was significantly higher than the gSAD group (Fig. 4(A) , also in Table 1 ) and no significant CPL group effects were observed in delta, alpha, or beta connectivity (all p's N 0.05). Regarding clustering coefficient (CC) of theta connectivity, HC exhibited significantly lower CC than gSAD group (Fig. 4(B) ) and again delta, alpha, or beta connectivity were not significant (Fig. 4(B) ). Together, the theta network demonstrated decreasing global segregation and increasing local integration in the gSAD relative to the HC group.
EEG connectivity-symptom severity relationship
Analyses were limited to the theta-band frequency due to its observed group effect in WPLI. Within the gSAD group, state anxiety level positively correlated with WPLI in the theta band (r = 0.31, p b 0.04) and in the same frequency, there was a non-significant trend between trait anxiety level and WPLI (r = 0.29, p = 0.06) (Fig. 5) . No such relationships emerged in the HC group. WPLI values did not correlate with symptom severity in the gSAD group. Additionally, no correlations between trait-and state-anxiety levels and theta-related CC or CPL measures were observed in either group.
Discussion
To our knowledge, this is the first study that used EEG-based connectomics and graph theory to examine the oscillatory dynamics of resting state and topological organization of brain connectivity in generalized social anxiety disorder (gSAD). In alpha, the dominate frequency at rest (McEvoy et al., 2000) , there was robust connectedness across individuals with gSAD and healthy controls (HC). In addition to alpha, no group effects were detected in beta or delta frequencies. However, in the theta band, we observed a pattern of increased oscillatory frontal midline coherence and higher connectivity in gSAD relative to HC. The gSAD group, relative to the HC group, also exhibited increased clustering coefficient and decreased characteristic path length in the theta connectivity-based brain network suggesting theta-dependent increased information processing efficiency in gSAD. Moreover, within the gSAD group, but not HC group, there was a significant positive correlation between theta connectivity values and state anxiety in addition to a non-significant trend between higher theta values and greater trait anxiety level.
Neuroimaging resting-state studies signify gSAD is associated with alterations in task positive and negative networks (Anteraper et al., 2014; Liao et al., 2010; Liu et al., 2015a; Liu et al., 2015b) ; however, fMRI cannot measure the fast dynamics of spontaneous oscillatory neural activity in frequency ranges associated with large-scale cortical networks (Hipp et al., 2012) due to its slow time resolution. EEG permits evaluation of 'communication-through-coherence', where the synchronization of oscillatory activity is believed to reflect effective communication structures (Fries, 2005) . Namely, coherence changes are an indicator of information flow along local and/or distant interconnecting pathways (Petsche, 1996) . Multiple methods have been established to calculate EEG connectivity, including power correlation and causality based methods. Here, we used a Weighted Phase Lag Index (WPLI), a commonly used method for data-driven and exploratory analyses (Cohen, 2013) known for its sensitivity in detecting phase- Fig. 1 . WPLI connectivity during resting state in the healthy group (left column) and the gSAD group (middle column). WPLI mapping of three frequency waves: Alpha (first row), Beta (second row), Theta (third row) and Beta (forth row) were generated from the averaged 32 participants with gSAD and 32 controls. Paired t-tests were applied to every region across two groups; regions with 0.001 b p b 0.05 were marked in gray (third column), regions with p b 0.001 were marked in white. Channels 1 to 14 were located in the left hemisphere, 15-18 in the right hemisphere and 29-34 midline channels. Theta connectivity shows the midline frontal channel (Fz and FCz) is significantly higher in gSAD relative to healthy controls (marked with arrows.) synchronization (Vinck et al., 2011) . WPLI was used to examine oscillatory synchronization of resting-state in frequency bands previously reported to be disturbed in internalizing psychopathologies (e.g., alpha, theta, beta, delta) (Imperatori et al., 2014; Leuchter et al., 2012b; Sachs et al., 2004) and graph analysis was employed to describe network properties.
Group differences were observed in the theta frequency band. Evidence of alterations in resting-state theta band regional power have been reported in gSAD studies (Gerez et al., 2016; Sachs et al., 2004) and anomalous theta power or network connectivity has been shown in other disorders like depression (Leuchter et al., 2012b) , obsessivecompulsive disorder (Koprivova et al., 2011) , and post-traumatic stress disorder (Imperatori et al., 2014) . Thus, our results are in line with above-mentioned reports of theta oscillation involvement internalizing conditions. Notably, we observed increased frontal midline theta connectivity in gSAD compared to controls. Resting-state frontal midline theta rhythm, generated by regions implicated in the anterior attentional system (e.g., anterior cingulate cortex) (Asada et al., 1999) , is associated with mental task performance and meditative concentration reflecting focused attentional processing in healthy participants (Inanaga, 1998; Kubota et al., 2001) . Moreover, frontal theta EEG activity is considered an index of the default mode network (DMN) (Scheeringa et al., 2008) , a task-negative cognitive network implicated in self-referential processes and emotion regulation (Raichle et al., 2001; Shulman et al., 1997) . In the gSAD group, greater frontal theta values corresponded with higher levels of state-and trait-anxiety levels though the trait anxiety finding was at a non-significant trend. No correlations in gSAD were detected for symptom severity as assessed with the LSAS, which evaluates fear and avoidance levels in various social situations (Liebowitz, 1987) . Of note, the significant relationship between frontal theta and state anxiety was not observed in the HC group.
In gSAD, the link between theta-related connectivity and state anxiety indicate more internalized attention (e.g., negative self-focused thoughts, emotions, and/or general rumination) (Hamilton et al., 2015a) when engaged in task-independent thought (i.e., mindwandering). Neuroimaging studies of gSAD have reported abnormal functional connectivity in the DMN (Gentili et al., 2009; Liao et al., 2010) . Also, multivariate classification shows regions integral to DMN, in addition to other systems (e.g., perceptual networks), significantly discriminate individuals with gSAD from HC. It is proposed that activity reflecting DMN engagement in social anxiety may be related to attention to negative thoughts and feelings such that self-focused attention to internally generated information contributes to the distorted impressions that characterize gSAD (Clark and Wells, 1995; Gentili et al., 2009) . More broadly, a meta-analytic study of task-based frontal midline theta (~4-8 Hz oscillations recorded from sensors on the scalp overlying midcingulate cortex; 'MCC') revealed theta signals reflecting MCC activity integral to cognitive control is disturbed in anxious individuals (Cavanagh and Shackman, 2015) . Our resting-state findings suggest intrinsic tonic abnormalities may underlie a threat-sensitive system in gSAD due in part to the disturbances in controlled processes that regulate emotions (Brühl et al., 2014) .
Recently, graph theory has shown the brain structural or functional organization can be examined from the perspective of a "small-world" characteristic. Small-worldness mainly encompasses dominant local but infrequent long-range connections expressed by connectomics measures of high clustering coefficient (the degree that the nodes in a graph tend to cluster together) and lower characteristic path length (average of shortest paths from each node to another one in a graph); both of these features reflect information processing efficiency at a low cost (Bullmore and Sporns, 2009; Rubinov and Sporns, 2010) . Here, we observed changes in connectomics metrics of whole brain network theta connectivity in which small-worldness in theta-band frequency was enhanced (increase in clustering coefficient and decrease in characteristic path length) in gSAD subjects compared to HC pointing to a more efficient theta network in gSAD. However, indices of worldness were not associated with anxiety level or symptom severity in gSAD.
We propose the stronger resting-state theta network activity in gSAD is related to pathologic dynamics for the following reasons. First, theta oscillations in general is not a dominant resting-state activity Fig. 2 . Variation of averaged WPLI with the frequency in healthy and gSAD group. Additionally, group effects were observed in the theta frequency band where the gSAD group had significantly higher WPLI values compared to the HC group. (Fig. 2) . and, as noted above, an increase in theta power and connectivity (measured by different methods) has been shown to be associated with abnormality in affective disorders such as depression, obsessive compulsive disorder, and posttraumatic stress disorder (Imperatori et al., 2014; Koprivova et al., 2011; Leuchter et al., 2012b) . Second, our connectivity results and its association with state anxiety suggest theta activity in gSAD represents an increased state of internalized attention (e.g., attention to negative thoughts or emotions). Consequently, the theta-dependent small-worldness may reflect increased efficiency in an inter-modal functional network associated with rumination or other maladaptive self-referential propensities. Nevertheless, taking into consideration neuroimaging findings of extensive abnormalities in task positive and negative systems (Anteraper et al., 2014; Liao et al., 2010; Liu et al., 2015a; Liu et al., 2015b) , it is possible that theta-band connectivity represents cognitive processes beyond DMN.
Considering the significant connectivity and connectomics findings and lack of group effects with power analysis, network analysis with WIPLI and connectomics may be more sensitive in detecting aberrant neurophysiological resting-state connectivity in gSAD than more traditional regionally-based power analysis.
Findings should be interpreted in the context of important limitations. First, we used a sensor-based approach in our connectivity analyses. This approach does not allow us to define the exact anatomical sources of EEG signals. High resolution EEG recording combined with source localization methods can provide better spatial resolution in EEG-based connectivity analysis. Second, the experimental design is cross-sectional, thus, it is not clear whether findings change over time. Third, results are based on a gSAD cohort and may not generalize to other anxiety disorders or internalizing conditions. Fourth, our sample size was moderate and failure to detect an association between connectomic results and social anxiety symptoms may have been due to lack of power. Fifth, although WPLI is less sensitive to sources of noise (e.g. heartbeat) than other approaches (e.g., phase lagged index) (Vinck et al., 2011) , we cannot rule out possible influences of noise in findings.
In conclusion, a major contribution of the current study is the integrated use of the WPLI and graph theoretical measures to describe the local integration and global segregation of networks in gSAD relative to HC. It was demonstrated that whole brain resting-state theta-based connectomics was altered in gSAD such that theta midfrontal connectivity was higher in the gSAD than HC group and positively associated with state anxiety level in gSAD. We also observed enhanced 'small worldness' in WPLI theta-dependent connectivity in gSAD compared to HC. Taken together, preliminary findings suggest resting-state brain oscillations in gSAD may reflect self-focused negative internal processing, which is consistent with cognitive models of social anxiety disorder (Clark and Wells, 1995) . Further study is required to evaluate whether network connectivity in the theta frequency band is a stable neurophysiological biomarker of gSAD.
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